Viral drug toxicity, resistance, and an increasing immunosuppressed population warrant continued research into new avenues for limiting diseases associated with human cytomegalovirus (HCMV). In this study, a small interfering RNA (siRNA), siX3, was designed to target coding sequences within shared exon 3 of UL123 and UL122 transcripts encoding IE1 and IE2 immediate-early proteins of HCMV. Pretreatment of cells with siX3 reduced the levels of viral protein expression, DNA replication, and progeny virus production compared to control siRNA. Two siRNAs against UL54 and overlapping transcripts (UL55-57) were compared to siX3 in HCMV infection and were also found to be effective at inhibiting HCMV replication. Further investigation into the effects of the siRNAs on viral replication showed that pretreatment with each of the siRNAs resulted in an inhibition in the formation of mature replication compartments. The ability of these siRNAs to prevent or reduce certain cytopathic effects associated with HCMV infection was also examined. Infected cells pretreated with siX3, but not siUL54, retained promyelocytic leukemia (PML) protein in cellular PML bodies, an essential component of this host intrinsic antiviral defense. DNA damage response proteins, which are localized in nuclear viral replication compartments, were reduced in the siX3-and siUL54-treated cells. siX3, but not siUL54, prevented DNA damage response signaling early after infection. Therapeutic efficacy was demonstrated by treating cells with siRNAs after HCMV replication had commenced. Together, these findings suggest that siRNAs targeting exon 3 of the major IE genes or the UL54-57 transcripts be further studied for their potential development into anti-HCMV therapeutics.
H
uman cytomegalovirus (HCMV) is a ubiquitous herpesvirus that can cause life-threatening diseases in immunocompromised individuals, such as AIDS patients and organ transplant recipients (56) . HCMV-associated pneumonitis and retinitis are the most prevalent problems detected following reactivation of latent virus (57) . HCMV is also the leading cause of infectionassociated birth defects, which can culminate in hearing and vision loss, along with various mental disabilities (6, 65) .
Although there have been numerous attempts to develop an effective HCMV vaccine, a successful formulation has not yet been clinically approved (40) . A limited number of drugs are available for the treatment of HCMV infection, including ganciclovir (GCV); its orally available derivative, valganciclovir; cidofovir (CDV); foscarnet (FOS); and fomivirsen (35, 59) . Among these drugs, GCV is the most widely used to treat most HCMV infections. Long-term treatment with any of these drugs, however, is frequently followed by toxic side effects and the emergence of drug-resistant mutants. Furthermore, GCV, valganciclovir, CDV, and FOS have similar mechanisms of action by targeting the viral DNA polymerase, an early (E) gene product (5, 23, 27-29, 41, 66) . Another target drug, fomivirsen, is an antisense oligonucleotide that inhibits IE2 expression (1), but it has had limited clinical use (50) . Clearly, additional safe therapeutic agents that limit HCMV replication are desirable.
RNA interference (RNAi) is an evolutionarily conserved mechanism of sequence-specific gene silencing that reduces the levels of protein products translated from a targeted mRNA (34) . Using RNAi to reduce the levels of specific proteins not only aids the elucidation of their function but also provides the opportunity to consider potential therapeutic targets that could be used to treat various diseases (21) . Multiple biotechnology companies are involved in developing RNAi agents as potent therapeutics for various human diseases, such as cardiovascular disease, neurological diseases, viral infections, cancer, etc. (21) . With the ongoing efforts in RNAi-based therapeutic development, small interfering RNAs (siRNAs) and their derivatives have been designed to inhibit the expression of several genes related to virus infections in humans, including those with human immunodeficiency virus type 1, hepatitis C virus, hepatitis B virus, poliovirus, human papillomavirus, and influenza virus (9, 31, 32, 39, 52, 81) , which provides evidence that RNAi has the potential to be an effective strategy to control viral diseases. There are also reports on RNAi-based targeting of HCMV genes (4, 22, 24, 68, 74, 79) .
Cytomegaloviruses have species-specific tropisms. HCMV infects only humans and replicates in a limited number of human cell types in vitro. HCMV infection progresses through a wellcharacterized sequential process of immediate-early (IE), early (E), and late (L) viral gene expression. IE gene products transactivate the expression of E genes, which are required for viral DNA replication, and replicating viral DNA is associated with L gene expression. IE and E gene products also regulate late gene expression (14, 48, 82) . The 72-kDa IE1 protein and 86-kDa IE2 protein are the first and most abundantly expressed proteins during HCMV infection. They are produced from differentially spliced transcripts under the control of the strong IE1/IE2 promoter-enhancer element known as the major immediate-early promoter (MIEP). The IE1 gene (UL123) produces a 1.9-kb mRNA consisting of exons 1, 2, 3, and 4, whereas the IE2 gene (UL122) produces multiple transcripts, including the predominant 2.25-to 1.4-kb mRNAs consisting of exons 1, 2, 3, and 5. The 1.4-kb transcript carries a spliced exon 5 (72) . The first translated exon, exon 3, encodes 85 amino acids that are shared at their N termini of IE1 and IE2. This domain is responsible for controlling viral growth and altering cell cycle patterns through its ability to transactivate gene expression and control apoptosis (78) .
HCMV IE proteins have multiple activities, including vital roles in viral and host cell activities and endogenous tumor suppressor inactivation (11-13, 26, 33, 37, 38, 49, 51, 70, 76, 84, 85) . IE1 can specifically alter the host environment by inactivating tumor suppressors, transcriptionally activating host gene expression, and altering the nuclear architecture of promyelocytic leukemia (PML) bodies of infected cells within a few hours of infection (80) . Similarly, IE2 also manipulates tumor suppressor functions and alters host and viral gene expression. The regulation of IE1 and IE2 gene expression is thought to be a critical component of latency and active replication due to transactivation and transcriptional repressive functions of these proteins. In addition, there is growing evidence that pathogenic features of HCMV are due, in part, to the abilities of IE1 and IE2 to alter the expression of cellular genes and host cell functions (17) . Reducing or inhibiting the expression of IE1 and IE2 greatly represses the replication of HCMV (75, 86) , and studies of mutant viruses have demonstrated that IE2 expression is essential for virus replication (77) .
HCMV infection activates multiple markers of the cellular DNA damage response (DDR) pathway, including H2AX and p53 (11, 44, 67) . Phosphorylated histone H2AX (␥H2AX) and the p53 transcription factor play important roles in HCMV replication, and both proteins localize to viral replication compartments (RCs) (26, 44) . Viral RCs are distinct architectural regions within the nucleus where many events associated with viral replication take place, including viral gene expression, DNA replication, and capsid packaging and maturation. Viral RCs mature into discrete structures at E times postinfection (p.i.) that can be detected by immunofluorescent staining of the DNA polymerase accessory factor pUL44. It has been proposed that the activation of p53 helps to elicit the cell cycle arrest in HCMV-infected fibroblasts by modulating p21 levels (12) and by facilitating viral gene expression (10) .
Because IE1 and IE2 share the same first three exons, our strategy was to inhibit these most immediate-early gene expression products to block the initial step of virus replication using a novel siRNA (siX3) targeted to a shared sequence of UL122/UL123. We hypothesized that interfering with the production of the major IE proteins will likely have severe consequences for viral gene expression and replication while minimizing the detrimental effects of infection on the host cell. In the present study, we have investigated the inhibitory potential of siX3 at the level of HCMV viral gene expression, infectious virus production, and markers of host cell changes. We then compared these results to the inhibitory effects of siRNAs against UL54 and overlapping transcripts with UL55-UL57 (69) , with the long-term goal of developing an informed RNAi-based therapeutic for HCMV diseases.
MATERIALS AND METHODS

Cells and viruses.
Human embryonic lung (HEL) fibroblasts were obtained from the Coriell Institute for Medical Research (Camden, NJ). The cells were cultured in Dulbecco modified Eagle medium (DMEM) supplemented with 10% fetal bovine serum (FBS) and 1% penicillin-streptomycin. The human astrocytoma cell line (U373MG) was a generous gift from Eng-Shang Huang (University of North Carolina, Chapel Hill, NC) and cultured in DMEM supplemented with 5% FBS and 1% penicillinstreptomycin. All media, FBS, and antibiotics were from Gibco.
HCMV strain AD169 was obtained from the American Type Culture Collection (ATCC; Manassas, VA). HEL fibroblasts or U373MG cells were infected with HCMV AD169 at various multiplicities of infection (MOIs). Viral infections were performed in growth medium with 2% FBS for 2 h. The viral inoculum was removed and replaced with normal growth medium.
siRNA and transfections. All of the siRNAs were synthesized by Qiagen (Foster, CA). For U373MG cells, siRNAs were transfected at 50 to 100 nM using Oligofectamine (Invitrogen Corporation, Carlsbad, CA). For HEL fibroblasts, transfections were performed by electroporation in siPort transfection buffer (Ambion, Austin, TX). The nonspecific siRNA (siCON) is a nonsense sequence and had no effect on parameters tested relative to mock transfection. Transfection conditions for individual siRNAs were optimized, and infections were usually performed 24 h posttransfection. For treatment experiments, transfections were performed at 24 hours postinfection (hpi). The sequences of the siRNAs used in this study are as follows: siCON, GATGCTGCATATAAGCAGC; siX3, CTAT GTTGAGGAAGGAGGT; siUL54A, CTGCTCAACAAGTGGGTTT; siUL54B, CTTTTCAGAGCCGTGTTTT.
RNA isolation and Northern blot analysis. Total RNA was isolated from mock-or HCMV-infected HEL fibroblasts using TRIzol reagent (Invitrogen Corporation, Carlsbad, CA) according to the manufacturer's instructions. Total RNA was electrophoresed through 1% formaldehydeagarose gels and blotted onto Zeta-probe GT Genomic Tested blotting membranes (Bio-Rad, Hercules, CA). Biotin-labeled glyceraldehyde-3-phosphate dehydrogenase (GAPDH), IE1 (exon 4), and IE2 (exon 5) probes were generated by PCR using the following primers: GAPDH forward primer (5=-CAAGGTCATCCATGACAAC-3=), GAPDH reverse primer (5=-TGGTCGTTGAGGGCAATG-3=), IE1 forward primer (5=-A TAAGCGGGAGATGTGGATGGCTT-3=), IE1 reverse primer (5=-TCAA TGCGGCGCTTCATTACACTG-3=), IE2 forward primer (5=-AGTCCGA GGAGATGAAATGCAGCA-3=), and IE2 reverse primer (5=-GTGGGTG TGCAATTCTTTGAGGCT-3=).
Blots were hybridized with the individual probes. Hybridization signals were visualized using a chemiluminescence kit as described by the manufacturer (KPL, Gaithersburg, MD). Blots were reprobed for GAPDH following stripping of previously bound probe.
DNA slot blot analysis. Whole-cell DNA was prepared from HEL fibroblasts at the times indicated using a DNA isolation kit (Promega Corporation, Madison, WI). DNAs were quantified using a UV spectrophotometer and equally slotted onto a blotting membrane (Bio-Rad, Hercules, CA) using the Slot Blotter system (Bio-Rad, Hercules, CA). Biotinlabeled UL70 probes were generated by PCR using the following primers: UL70 forward primer (5=-CTCTTTCCCGTCTTCGTCTTCC-3=) and UL70 reverse primer (5=-GCATCAACACGCTTTCCGAGTC-3=).
The membranes were hybridized with UL70 probe, and hybridization signals were visualized with a chemiluminescence blotting kit as described by the manufacturer (KPL, Gaithersburg, MD).
Immunoblot analysis. Infected cells were harvested at the indicated time points, and cell pellets were stored at Ϫ80°C. Thawed cell pellets were resuspended in radioimmunoprecipitation assay buffer (RIPA), which has been described previously (26) , and incubated on ice for 1 h. Samples were sonicated for 15 s, and soluble proteins were collected by centrifugation for 10 min at 13,000 rpm in a microcentrifuge. Proteins were resolved by SDS-PAGE, and the proteins were transferred to a polyvinylidene difluoride ( Plaque reduction assay. HEL fibroblasts were transfected with a serial dilution of siRNA and seeded as confluent monolayers in 24-well plates. Twenty-four hours later, the cells were infected with HCMV with a dilution sufficient to result in the formation of approximately 40 plaques per well in untreated cells. After a 2-h adsorption, virus was removed, and cells were washed twice with phosphate-buffered saline (PBS) and overlaid with DMEM containing 0.3% SeaPlaque GTG agarose (Lonza, Rockland, ME) and 0.2% FBS mixture. After 7 days of incubation at 37°C, the agarose overlays were removed and cell monolayers were fixed by the addition of 100% methyl alcohol and stained with Giemsa stain (Sigma-Aldrich, Saint Louis, MO). Viral titers were determined by counting plaques. The average titers were derived from triplicate samples for each concentration of siRNA. Error bars represent 1 standard deviation (SD).
Viral growth curves. Cells were seeded and infected at the listed MOI for each experiment. At the indicated times postinfection, a small aliquot (200 l) of supernatant was harvested from each dish and stored at Ϫ80°C. Viral titers were then determined on HEL fibroblasts by standard plaque assay techniques. Plaques were counted at 7 days p.i. using Giemsa stain (Sigma-Aldrich, Saint Louis, MO) to enhance the visualization of plaques. For U373MG cells, both intracellular and extracellular virus were harvested and pooled, and titers were determined by plaque assay on monolayers of HEL fibroblasts (53) . A typical viral growth curve was shown in each experiment.
Immunofluorescence analysis. Cells were plated on glass coverslips that were pretreated with 40% HCl for 2 min followed by a 5-min wash in 70% ethanol. Cells were infected with HCMV at the indicated MOIs. Cells were washed three times with PBS and fixed with 2% paraformaldehyde. Fixed cells were blocked in 10% FBS for 1 h at room temperature and incubated with antibodies against IE (MAB810; Chemicon, Temecula, CA), pUL44 (Virusys Corporation, Sykesville, MD), PML (Chemicon, Temecula, CA), p53 (Ab-6; Thermo, Fremont, CA), and ␥H2AX (Upstate Biotechnology, Waltham, MA). Fluorescein isothiocyanate (FITC)-conjugated goat anti-rabbit (Jackson ImmunoResearch Laboratories, Inc., West Grove, PA), Texas Red-conjugated goat anti-mouse IgG1 or IgG2a secondary antibodies, and FITC-conjugated goat anti-mouse IgG1 secondary antibodies (Southern Biotechnology Associates, Inc., Birmingham, AL) were used to detect bound primary antibody by immunofluorescence. Images were captured on a Nikon microscope and analyzed using Improvision software. Over 200 cells were counted per sample when quantifying cell staining. Triplicate samples were analyzed in each experiment.
Quantitative reverse transcription-PCR (qRT-PCR).
Quantitative analyses of UL54 transcripts were performed using the SYBR GreenER qPCR kit (Qiagen) on a DNA Engine Opticon 3 continuous fluorescence detection system (MJ Research, Incorporated, Waltham, MA). Total RNA was extracted from the infected cells using TRIzol (Invitrogen), and 100 ng of purified total RNA was reverse transcribed to cDNA using a cDNA synthesis kit (Invitrogen). The PCR was set according to the manufacturer's recommendations. Briefly, after an initial 10 min of denaturation at 95°C, 30 cycles of amplification were performed at 95°C for 30 s and 60°C for 1 min followed by a melting curve analysis. The amount of template RNA was normalized with the quantified GAPDH in each sample. The primer sets for amplification of UL54 were as follows: forward, 5=-CGTG CCGCGAGGTGTCATGT-3=; reverse, 5=-CACCAGGGTCTCGCGCCA AG-3=. The primer sets for GAPDH were as follows: forward, 5=-GAAGG TGAAGGTCGGAGTC-3=; reverse, 5=-GAAGATGGTGATGGGATTTC-3=. Quantitative experiments were performed at least three times, including a no-template control reaction. Relative expression was calculated using a modified comparative threshold cycle method (2 Ϫ⌬⌬CT ) (42), in which C T was defined as the cycle number at which fluorescence reached a set threshold value. The differences between the C T values of the target genes and those of the corresponding internal control GAPDH gene, ⌬CT (CT UL54 Ϫ CT GAPDH ), were calculated. The changes between ⌬C T of the treated group and that of the control group, ⌬⌬C T (⌬CT siRNA Ϫ ⌬CT infection only ), were computed. The expression level of the treated group relative to that of the control group was described by using the equation 2 Ϫ⌬⌬CT . Statistical analysis. Statistical analyses were performed using unpaired t tests. Values are expressed as the means Ϯ standard deviations (SDs) of three independent experiments. A P value of Յ0.05 was considered statistically significant.
RESULTS
siRNA design. The major IE (MIE) genes (UL123/122) were chosen for inhibition by RNAi to limit both the replication of HCMV and cytopathic effects associated with infection. The MIE gene products are required for or influence the expression of most HCMV genes (15, 36, 45, 58) . To maximize the impact of siRNA transduction on viral gene expression, we designed siRNAs to target exon 3 of the MIE locus. Exon 3 contains the first proteincoding sequences of the MIE region and is shared by IE1 and several IE2 transcripts (Fig. 1A) . A shared coding region was chosen with the notion that this would limit the opportunity for escape mutants to emerge. Initially, two siRNAs were compared for their abilities to reduce viral gene expression alone and in combination. Because introduction of one siRNA, siX3 (or X3), into cells prior to infection was much more effective at reducing viral gene expression than was introduction of the other siRNA or combinations of the two (data not shown), it was chosen for subsequent studies.
UL54 encodes the HCMV DNA polymerase, an enzyme essential for replication of the viral genome and the target of most anti-HCMV drugs (Fig. 1B) . It is well established that inhibition of DNA polymerase activity, and predictably expression, will prevent HCMV replication. As with the strategy used to inhibit HCMV IE gene expression, an in silico and visual search of the UL54 sequence was used to identify potential target sequences for siRNA development. From this analysis, two candidate siRNAs, named siUL54A and siUL54B, were identified and tested for their antiviral activity compared to that of siX3. Given the overlap of transcripts among UL54, UL55, UL56, and UL57 (69), both siUL54 siRNAs should also target transcripts from UL55, which encodes gB55; UL56, which encodes pUL56; and UL57, which encodes pUL57.
siX3 alters the levels of IE transcripts containing exon 3 sequence. To determine whether siX3 specifically targets sequences shared by mRNAs encoding IE1 and IE2, HEL fibroblasts were transfected with siX3 and infected with HCMV 24 h later. Northern blots of RNA from infected HEL fibroblasts were probed for sequences specific to exon 4 of UL123 (IE1) or exon 5 of UL122 (IE2) to measure IE1 and IE2 mRNA levels, respectively. Transfection of siX3 prior to HCMV infection reduced IE1 mRNA levels throughout the infection time course relative to cells that were either transfected with a control siRNA (CON) or untransfected ( Fig. 2 ; data quantified in Fig. S1 in the supplemental material). These trends were observed at both low and high MOIs, respectively ( Fig. 2A and B, respectively) . The levels of the 2.25-kb IE2 transcript were also repressed throughout most of the infection time course. At E times (24 to 48 hpi), the levels of the 1.7-kb IE2 mRNA were reduced to ones similar to those of the 2.25-kb IE2 transcript. However, at L times p.i., there was an accumulation of a 1.7-kb transcript that hybridized with the IE2 exon 5 probe ( Fig.  2 ; data quantified in Fig. S1 ). Given that accumulation of the 2.25-kb IE2 transcript was still reduced by siX3, this increase in the 1.7-kb RNA at late times was most likely due to a separate late transcript composed of exon 5 (60) . This late transcript lacks exon 3 and would not be targeted by siX3.
Sustained inhibition of cell-to-cell spread of HCMV by siX3. A plaque reduction assay was used to determine if treatment with siX3 could sustain the inhibition of HCMV replication under conditions where superinfection of virus produced by untransfected cells is minimized. In a plaque reduction assay, only a small percentage of cells are infected and the samples are overlaid with agar. This semisolid overlay allows virus to spread only through cell-tocell contact. HEL fibroblasts were transfected with various doses of siRNAs, infected with HCMV, and then overlaid with agar. The conditions used would generate ϳ40 plaques/well in untreated infections by the 168-h (7-day) endpoint (Fig. 3) . The transfection process appears to have improved the replication of HCMV because siCON-treated samples consistently produced more plaques than did infection alone, although this difference was generally within the error range. Wells containing cells transfected with siX3 resulted in 5-to 10-fold-lower plaque numbers at all siX3 doses examined.
Decreased viral protein expression and inhibition of infectious virus production in siX3-treated cells. Immunoblots of infected HEL fibroblast lysates were sequentially probed with antibodies against representative viral IE, E, and E/L proteins to determine the consequences of siX3 transfection for the different stages of viral gene expression. As anticipated from the results obtained by Northern blotting, siX3 transfection reduced the levels of IE1 and IE2 proteins through 96 hpi at both MOIs tested ( Fig. 4A and C) . Early and late protein accumulation was also affected by siX3 at these time points as evidenced by the reduced levels of the E protein, pp65, and the E/L protein, gB55. At very late times p.i. (120 to 144 hpi), the levels of IE1 and pp65 appeared to recover in the siX3-transfected samples, whereas IE2 and gB55 protein levels remained reduced or undetectable depending on the amount of input virus ( Fig. 4A and C) . Thus, treatment of cells with siX3 results in a profound and sustained effect on the expression of all three classes of HCMV proteins.
The production of infectious virus following siRNA transfection was measured by plaque assay. The generation of progeny virus was not affected by prior transfection of control siRNA but was blocked for 2 to 3 days in HEL fibroblasts treated with siX3 ( Fig. 4B and D) . Interference with virus production by siX3 lasted through 96 h, during which there was a 1-to 3-log reduction in virus yield. This ability of siX3 to antagonize virus maturation was alleviated from 120 hpi onward at both MOIs. The gradual attenuation of siX3 to inhibit HCMV replication and maturation could have been due to turnover of siX3, given that only a single treatment of the siRNA was administered. Another possibility for this decay in activity is that infected but untransfected cells generated enough progeny viruses to overwhelm the effects of the siRNA by superinfection.
Human fibroblasts, including HEL fibroblasts, are notorious for their poor-to-modest transfection efficiency, and so it remains possible that a significant percentage of cells do not functionally take up siX3 under any condition. A cell line that can be transfected more efficiently and is also receptive to productive HCMV infection might serve as an alternate model for determining whether HCMV replication can be sustainably inhibited by siX3 transfection. U373MG cells are receptive to efficient lipid-based transfections and are permissive to HCMV replication. One drawback to using these cells is that HCMV replication results in lower titers. Thus, a direct comparison to results obtained in the different cell types is not feasible. Lipid-mediated transfection of siRNAs into U373MG cells prior to HCMV infection resulted in little or no accumulation of the two IE gene products, IE1 and IE2, as well as E (pp65) and E/L (gB55) proteins over the 144-h time course (Fig. 4E) . This apparent block in viral gene expression is consistent with the absence of detectable progeny virus being generated in siX3-treated cells throughout the infection time course (Fig. 4F) . Together, the results suggest that HCMV gene expression and replication can be inhibited with an siRNA specific to IE1/IE2 and that effective siRNA delivery is essential to prevent the drug from being overwhelmed by superinfection of treated cells.
The observation that siX3 treatment blocked virus production for at least 7 days in the plaque reduction assay raises the possibility that improvements in transfection efficiency might enhance the effectiveness of siX3 to inhibit HCMV replication. Multiple dosing of the siRNA could, in principle, increase the percentage of cells transfected with siRNAs. HEL fibroblasts were sequentially transfected (by electroporation or lipid-based transfection) two times before infection. However, this treatment did not improve the results obtained by a single transfection (data not shown). Why multiple dosing of siRNAs was only as effective as a single transfection is unclear. One possibility is that there was a subset of cells in the culture that were resistant to transfection or functionally incorporating siRNAs.
Comparison of siRNAs targeting the UL54 E gene with siX3 targeting the UL123/122 IE genes. Two siRNAs that target the UL54 E gene were designed for comparison with siX3. The effectiveness of siUL54A and siUL54B in reducing UL54 expression is shown in Fig. S2 in the supplemental material. Transfection of either siRNA directed against UL54 expression into HEL fibroblasts prior to infection reduced the levels of E (pp65) and E/L (gB55) proteins throughout the experimental time course regardless of the MOI used (immunoblotting data for siUL54A are shown in Fig. 5A ; additional immunoblotting data are included in Fig. S3A , C, and D in the supplemental material). The inhibitory effect was perhaps most pronounced for gB55, where little protein was detected for samples treated with either siUL54. This observation is likely due to dual effects of these siRNAs on gB55 expression. First, gB55 expression should be downstream of true E genes and be affected by E gene expression and viral DNA replication. Second, some of the UL54 and UL55 transcripts overlap, and so the siRNAs should also affect gB55 accumulation (69) . In contrast, IE1 expression was not affected by siUL54 RNAs. This was expected given that IE1 expression begins prior to and is independent of expression of the viral DNA polymerase. The fact that IE1 expression was unaffected also suggests that the effect of the siUL54 RNAs on viral gene expression was specific and not a result of global changes in gene expression due to an intrinsic host response to the transfected siRNAs (e.g., interferon signaling). The effect that these siRNAs have on IE2 expression reflects a pattern that is characteristic of viral E and L genes. This is likely due to the fact that while IE2 is initially expressed at IE times, its rise in expression is coincident with viral DNA replication (30, 71) , thus resulting in an accumulation pattern more akin to E and L gene products. Likewise, viral growth curves showed that both siUL54 RNAs inhibited the generation of infectious virus in HEL fibroblasts at both MOIs tested ( Fig. 5B; see also Fig. S3B ).
To determine whether more efficient siRNA transfection would improve the inhibitory effects of siUL54A and siUL54B on viral replication, the siRNAs were tested in U373MG cells. As observed in HEL fibroblasts, IE1 expression was only moderately affected by either UL54 siRNA ( Fig. 5C ; see also Fig. S4 in the supplemental material). E (pp65) and E/L (gB55) gene expression was similarly reduced over the infection time course, and IE2 levels remained low on immunoblots derived from the siUL54-treated samples. The reduction in viral gene expression correlated with reduced yields of virus during this infection time course as well (Fig. 5D ). No production of infectious virus was detected until 96 hpi in the siUL54-treated cells (the scored virus at the 24-hpi time point is unabsorbed input virus from the initial infection). From 96 hpi onward, the UL54 siRNAs inhibited virus yield by approximately 1 to 1.5 logs. Thus, decreasing the expression of the viral DNA polymerase and UL55-57 delayed virus production and reduced virus yields. However, the presumed increase in transfection efficiency of U373MG did not improve the effectiveness of these siRNAs.
Since the results that targeting IE gene expression or the E/L transcripts from UL54-57 with siRNAs inhibited HCMV replication were observed in separate experiments, siX3 and siUL54s were directly compared for efficacy. Because the two siUL54 RNAs produced similar results, only one, siUL54A, was included in this experiment. Immunoblots of HEL fibroblasts pretreated with siX3 or siUL54A showed reduced levels of E and E/L gene expression (Fig. 5E ), though siUL54A-treated cells had lower levels of pp65 and gB55 throughout the time course. Both siRNAs also reduced IE2, with siUL54A having a more dramatic impact on IE2 levels. This was in contrast to the analysis of IE1 expression, where siX3 treatment resulted in lower IE1 levels at all times except 144 hpi. For the high-MOI infection (data not shown), a similar pattern of viral protein accumulation emerges, with siUL54A reducing viral protein accumulation to a greater extent than siX3. Direct comparison of virus yields in infected HEL fibroblasts showed that both siX3 and siUL54A reduced virus production. However, siUL54A had a greater impact on virus yield (Fig. 5F ). Taken together, these results suggest that an siRNA targeting UL54-57 is effective at inhibiting HCMV replication in HEL fibroblasts.
To determine whether a combination of siX3 and siUL54 can control viral replication better than either siRNA alone, individual or both siRNAs were transfected into HEL fibroblasts at different siRNA doses (see Fig. S5A and B in the supplemental material for the low siRNA dose; see Fig. S5C and D for the high siRNA dose). Immunoblots show similar patterns of E and E/L gene expression for siUL54 alone and when combined with siX3 to transfect cells (see Fig. S5A and C) , although siX3-plus-siUL54-transfected cells had lower levels of IE1 expression than did cells transfected with just siUL54. The combined siRNA transfections had effects on viral yields similar to that of the siUL54 transfection. Transfec-tions with siUL54 or siUL54 plus siX3 performed better than did that with siX3 alone in reducing the production of infectious virus (see Fig. S5B and D) . Taken together, these results suggest that the combination of siX3 and siUL54 is no better at inhibiting viral replication than is siUL54, although IE1 expression is reduced when the two siRNAs are used together.
Inhibition of viral DNA replication by siX3 and siUL54 pretreatment. Total DNA was extracted from infected cells, and the accumulation of viral DNA was monitored by slot blot hybridization as a measure of viral DNA replication. Detectable levels of viral DNA became apparent at 48 to 72 hpi in the untransfected and siCON-treated samples but not in the siX3-and siUL54-transfected samples (Fig. 6 ). This pattern was observed at the two MOIs tested and suggests that treatment with the siRNAs resulted in the inhibition of viral DNA replication. At 96 to 120 hpi, viral DNA could be detected in the siX3-treated cells, with lower levels appearing in siUL54-treated cells. However, transfection with either siX3 or the siUL54 siRNAs greatly reduced levels of viral DNA relative to those for the control treatments. By 144 hpi, the levels of viral DNA in siX3-transfected cells were approaching those observed in the controls at both MOIs. Surprisingly, there is little to no detectable viral DNA in UL54A siRNA-treated cells at any time point. One possible explanation for the different effects of siX3 and siUL54s on viral DNA levels is that the siUL54 molecules prevented the accumulation of the UL54-encoded DNA polymerase below levels necessary for logarithmic amplification of the viral genome. The result of interfering with viral DNA polymerase accumulation would then be the observed, more-linear amplification of viral DNA.
siX3 and siUL54 alter the formation of viral RCs. Monitoring viral replication compartments (RCs) offers a qualitative and temporal measure of HCMV replication. Viral RCs begin as multiple, discrete structures early in infection, which, based on studies in herpes simplex virus (HSV) (16) , fuse into a single, large structure that can be referred to as a "mature" RC. Both immature and mature RCs can be detected by immunofluorescent staining for pUL44, an accessory factor involved in the replication of the HCMV genome (Fig. 7) . Samples treated with a control siRNA or not treateddisplayed enlarged nuclei and IE staining typical of HCMV infections (Fig. 7A) . The formation of mature RCs in cells as detected by pUL44 immunostaining was apparent in most of the infected cells (Fig. 7B ). Cells treated with siX3 showed reduced IE staining in most cells, whereas siUL54A had no effect on IE staining. Cells treated with either siX3 or siUL54A rarely displayed mature RCs. Rather, some infected cells showed high levels of diffuse nuclear pUL44 staining, while others contained immature, "pre-RC" structures. Quantitation of the percentage of cells staining positive for merged, mature RCs was reduced by treatment with siX3 or siUL54A relative to that for control siRNA-treated cells (Fig. 7B) . These results suggest that IE expression and UL54 expression are important for the formation of viral RCs.
Only siX3-pretreated cells retain PML in cellular PML bodies following infection. We next determined the consequences of siRNA transfection for host cell function starting with an analysis of nuclear, promyelocytic leukemia protein (PML) bodies (also known as promyelocytic oncogenic domains [PODs] or nuclear domains 10 [ND-10]). Nuclear PML bodies are important sites of host gene expression and splicing, and alteration of PML bodies impacts the cellular gene expression program. PML body integrity is also a component of the host intrinsic antiviral defense. Displacement of PML protein from PML bodies occurs during infection of nuclear replicating DNA viruses, including HCMV (62).
Uninfected cells retain PML within PML bodies, which were apparent as discrete foci by immunostaining for the PML protein (Fig. 8A) . PML protein was observed as diffuse nuclear staining in HCMV-infected cells treated with siCON, indicating dispersal of the protein from PML bodies (Fig. 8A) . When quantified, nearly all cells staining positive for IE protein in the infection controls lacked clearly defined PML foci (Fig. 8B) . By reducing the levels of cells that were positive for IE protein, which is responsible for PML dispersal, most of the siX3-treated cells retained the normal punctate PML staining pattern. This effect is different from that on cells treated with siUL54A, where the IE and PML focal patterns are similar to those of infected cells that were treated with the control siRNA. Because PML is involved in cellular growth regulation, transcription, DNA replication and repair, and posttranscriptional regulation of gene expression (7), the different effects of siX3 and siUL54A on PML status should have a significant impact on the expression of host genes and cell function.
DDR proteins fail to localize to viral RCs in siX3-and siUL54-treated cells. It has been shown elsewhere that certain DDR proteins accumulate and localize to RCs in infected cells (26, 44) . Given that siX3 and siUL54 alter the formation of viral RCs, we speculated that they would also affect the localization of DDR proteins. As shown in Fig. 9A , ␥H2AX and p53 coalesced into RCs as detected by pUL44 coimmunostaining by 48 hpi in control siRNA-treated cells. However, only small percentages of cells showed RC localization for ␥H2AX and p53 in siX3-and siUL54-treated cells at 48 and 72 hpi ( Fig. 9A ; data quantified in Fig. 9B ). Because host DNA damage responses can be induced by HCMV at IE times (26), we also determined whether the siRNAs can also affect this event very early in infection. As expected, siX3, but not siUL54, reduced ␥H2AX and p53 focus formation at 6 hpi.
Inhibition of HCMV replication by therapeutic siRNA treatment. The use of siRNAs in clinical practice would likely be therapeutic, where the treatment is given after infection has been established. The ability to efficiently deliver siRNAs to U373MG cells using lipid-based transfection makes it possible to determine whether siRNA treatment of infected cells will affect virus replication. U373MG cells were transfected with siRNAs at 24 hpi, and viral protein synthesis and progeny virus production were assessed (Fig. 10 ). As seen with pretreatment, transfection of infected U373MG cells with siX3 postinfection resulted in sustained reductions of IE, E, and E/L gene expression as measured by immunoblotting for IE1, IE2, pp65, and gB55 (Fig. 10A) . Therapeutic transfection of infected U373MG cells with siX3 allowed for infectious progeny production, which differs from results obtained when cells were transfected prior to infection (compare Fig.  4F and Fig. 10B ). Here, treating infected cells with siX3 reduced viral titers by ϳ1 log (Fig. 10B ). For comparison, siRNAs targeting UL54 expression were individually transfected into cells 24 hpi to determine their effect on viral gene expression and replication ( Fig. 10C and D ; see also Fig. S6 in the supplemental material) . By 24 hpi, E gene expression, including UL54, should have already commenced, and so some DNA polymerase may have been available to initiate viral DNA replication by the time that the siRNAs were functional in cells. Similar to the results obtained following therapeutic treatment with siX3, viral yields were decreased by 1 to 2 logs when the UL54 siRNAs were introduced into infected cells (Fig. 10D) , although there was only a detectable change in E/L gene expression as measured by immunoblotting for gB55 ( provide strong evidence that siRNAs that target essential viral genes are able to reduce virus production to 1 to 10% of normal replication levels even when cells are therapeutically treated (with a single dose) after the viral infection is established.
DISCUSSION
Therapies to treat HCMV infections have been difficult to manage because of side effects associated with antiviral drugs. Effective vaccines to protect individuals from HCMV infection or protect them from infection-associated diseases do not exist. Silencing of gene expression by siRNAs is becoming a powerful tool for the development of new therapies. In this study, we demonstrated that an siRNA directed against a shared exon of UL122-UL123 reduces the expression of the targeted transcripts, which has the expected effects on IE, E, and L protein expression; DNA replication; viral propagation; and PML body integrity. Further, targeted depletion of IE1 and IE2 proteins or the viral DNA polymerase alters the formation of viral RCs and the recruitment of DDR proteins to the RCs at E and L time points. These events mark important hallmarks of productive replication, and their perturbation may explain the mechanism behind the efficacy of the siRNA treatments. Significantly, we also demonstrated therapeutic efficacy by treating cells with siRNAs after HCMV replication had commenced.
To our knowledge, no study has considered using one siRNA to simultaneously abolish the expression of multiple IE genes, even though reports have demonstrated that siRNA-mediated targeting of other open reading frames (ORFs) can affect HCMV replication (4, 24, 68, 74, 79) . A result of this present study is the demonstration that targeting a conserved and shared region of IE genes can inhibit HCMV replication, thereby illustrating the potential of using this region as a new drug target for RNAi-based therapeutics. Consistent with this possibility, our observations are similar to those made for an exon 3-deleted virus, IE delta 30 -77
FIG 7
Pretreatment with X3 and UL54 siRNAs alters the formation of viral replication compartments (RCs). HEL fibroblast cells were untransfected or transfected with X3, UL54A, or CON siRNAs 24 h prior to infection with HCMV at an MOI of 1.0. Cells were fixed at 48 hpi, and pUL44 and IE proteins were detected by immunostaining. (A) Localization of IE and pUL44 proteins. Cells with "immature" RCs were defined as those with multiple, small pUL44 compartments (for example, see the yellow arrow), and cells with "mature" RCs were identified as those composed of single, larger pUL44 compartments typically representing more than two-thirds of the nucleus (for example, see the white arrow). 4=,6-Diamidino-2-phenylindole (DAPI) staining is used to define nuclei. (B) The percentage of fibroblasts with mature RCs was plotted relative to the percentage of those lacking RCs or having immature RCs. The percentage of fibroblasts with IE staining was also determined. Over 200 cells were scored per sample. Histograms show the averages of three independent experiments, and the error bars denote the standard deviations.*, P Ͻ 0.005 relative to X3; **, P Ͻ 0.0005 relative to X3; ***, P Ͻ 0.0001 relative to X3. (78) . This mutant virus exhibits impaired growth at both high and low MOIs. Likewise, attempts to rescue virus from a ul122-deficient bacterial artificial chromosome (BAC) fail to induce cytopathic effects and the expression of several viral early genes is undetectable (46) .
The similarity of the results obtained here with siX3 to those made with an exon 3-deleted virus (78) illustrates the potential of siRNA-based targeting of HCMV gene expression for performing quick and relatively inexpensive genetic studies of viral gene function. However, there are caveats to the siRNA approach, including the targeting of multiple viral genes due to overlapping transcription and incomplete suppression of gene expression. Complementary experiments such as the inclusion of multiple siRNAs that target the expression of the same gene and inclusion of appropriate controls can often mitigate these concerns.
The antiviral activity of siX3 and siUL54, which targets UL54-57, translates into a Ͼ1-to 3-log reduction of virus replication in HEL fibroblasts, with some conditions producing no detectable infectious virus. This level of antiviral activity compares favorably with that of siRNAs against herpes simplex virus, where a 1.5-log reduction in virus titer in cell culture experiments was shown to be sufficient to protect mice from lethal intravaginal challenge when animals were pretreated with an anti-HSV siRNA (55) . Our results are tempered somewhat by the observations of HCMV replication recovering from siRNA treatment in HEL fibroblasts. Taken together with data obtained in U373MG cells, which are more efficiently transfected than HEL fibroblasts, it appears that efficient delivery of siRNAs is essential for efficacy. Still, these experiments demonstrate that a single prophylactic or therapeutic treatment of cells with anti-HCMV siRNA is sufficient to have a dramatic impact on viral replication and cytopathic effects.
The fact that siX3 effectively blocked both IE gene expression and nascent virus production in U373MG cells raises the potential for targeting exon 3 as an adjuvant therapy for malignant gliomas, which are often-lethal brain cancers. HCMV has been shown to be associated with malignant gliomas (18, 25, 47, 61, 63, 64 ; B. Bhattacharjee, N. Renzette, and T. F. Kowalik, submitted for publication), and the U373MG cell line is derived from an astrocytoma, which is a form of malignant glioma. While it is unclear whether viral replication occurs in these cancers, HCMV IE gene expres- sion is a hallmark of this disease (18, 43, 47, 64, 73) . IE1 expression has also been shown to stimulate both cell proliferation and signature signaling pathways in glioma cells (19) . Thus, inhibiting IE gene expression may have therapeutic value as a component of an aggressive treatment regimen for this cancer.
One of the greatest challenges in the development of RNAibased therapies has been delivery in vivo. Efficacy of siRNAs has been related to the targeted cell type and delivery strategy. Different modifications of siRNA/siRNA-like molecules have been used to stabilize the molecules, such as using sulfate in place of phos- phate in vivo (54), or to improve uptake, such as tagging siRNAs with cholesterol (83) . However, in certain circumstances, we have been able to deliver functional unmodified siRNAs in vivo (8) . The effectiveness of siRNAs typically lasts for a few days to weeks. However, this effective window may be sufficient for antiviral applications with acute phenotypes. Others have recently developed a clever system that delivers an RNase P-based ribozyme to greatly reduce mouse CMV replication both in vitro and in vivo (3) . An orally delivered carrier for delivery of siRNAs has also been shown to be effective in vitro and in vivo (2) . It will be interesting to compare the effectiveness of delivery vehicles and RNA therapeutics (ribozyme versus siRNA) in treating CMV infections.
We attempted to improve the efficacy of the siRNAs through the use of multiple dosing of siRNAs, expecting that the siRNA effects would be more potent and sustained. However, the results of these experiments were no different than those of single-dose transfections. Why multiple dosing did not improve the effectiveness of the siRNAs is unclear. One possibility is that there is a subset of fibroblasts that are resistant to transfection. In contrast, we were successful in therapeutically reducing HCMV replication by introducing siRNAs postinfection. To our knowledge, this is the first study to demonstrate that cells previously infected with HCMV can be treated with siRNAs in this manner.
HCMV drug resistance, toxicity, and the limited repertoire of antiviral targets represent major challenges in managing HCMV infections in patients. The specificity and flexibility of siRNA approaches offer new ways for treating HCMV infection in place of conventional antiviral strategies, which are mainly based on chemical inhibitors of the HCMV polymerase (i.e., ganciclovir, foscarnet, or cidofovir). However, the potential for resistance to RNAi-based therapies exists, and given the genetic variability of viral genomes, it may be possible to select for point mutations that are resistant to infection, as has been observed in HIV-infected cells (20) . In principle, selection for escape mutants can be minimized by directing siRNAs against highly conserved viral genes or by combining siRNAs that target conserved and transcribed regions of the viral genome. The X3 siRNA was designed with both approaches in mind. Still, it might be worthwhile to consider targeting the major IE locus together with other ORFs to further reduce the potential for resistance to develop. Such considerations await further study.
In conclusion, our investigation shows that an siRNA designed against a shared exon of the major IE ORFs or siRNAs against a locus encompassing UL54-57, which encodes the viral DNA polymerase, among other proteins, are effective at inhibiting HCMV replication and reducing viral gene expression when used in prophylactic or therapeutic contexts. Moreover, both siRNAs prevent cellular cytotoxicity at the level of DNA damage signaling. Delivery of the siRNA against the major viral IE gene transcripts also results in retention of PML body integrity, which influences host gene expression and is an important component of the intrinsic immune defense against HCMV. The combined effects of reduced viral replication and cytotoxicity support a proposition for the continued development of siRNA therapies for the treatment of HCMV infections.
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